Abstract: This paper presents an approach for stress analysis of a six DOF hybrid kinematic machine for on-site machining. The finite element method is used in conducting the stress analysis. The main objective of the analysis is to predict component failure through analysis of stress distribution within the components of the entire hybrid kinematic machine. The procedure for applying finite element analysis as a numerical technique for solving complex engineering problems is outlined. The basic concept of the Von Mises theory of failure is also discussed in a bid to give an insight of the approach being utilized by the simulation software. The procedure for carrying out the finite element analysis is presented as comprising of three main stages (1) the pre-processing stage, (2) the solving stage and (3) the post processing stage. The simulation was conducted several times at different configurations until the convergence criteria were satisfied. Finally reports were generated and results for stresses, strain, displacements and factor of safety are presented.
Introduction
The most common cause of component failure in machine theory is stress induced in the component due to applied forces or heat. Finite element method is a very powerful tool for numerical solution to many engineering problems including stress analysis, flux and flow problems [1] . The fundamental of the finite element method is to discretize a complex region defining a continuum into simple geometric shapes [2] , [7] . All the considerations are done on a simple shape called an element. The elements are then assembled together considering the boundary conditions in order to obtain a set of equations which can be solved to obtain an approximate behavior of the system under consideration [2] . Several methods are available for FEA including the Rayleigh-Ritz method, the Galerkin's method and the principle of virtual work. These are approximate solution methods which make use of the potential energy or the variational methods [2] . In the 21 st century, computer technology dominated the engineering field hence CAD systems are now available for finite element analysis. The only challenge is for the users to understand the underlying principles upon which the software being used is operating on. Researchers must understand the theory of failure being applied by the software as well as the finite element method being employed. A variety of software are available on the market, several researchers have modeled and analyzed their designs in Solidworks, ANSYS and Autodesk Inventor among other software. In this paper, stress analysis for a six DOF hybrid kinematic machine for on-site machining is presented through the finite element approach using Autodesk Inventor software. The conceptual design of hybrid kinematic machine was discussed in [3] . For performance evaluation and failure prediction stress analysis is conducted in this work.
Organization of this paper: The next section presents the literature survey; section III outlines the static analysis procedure and its main stages. The results are presented in section IV then a brief discussion of the main observations is given in section V.
Literature Survey
An exhaustive literature review on the design and analysis of different types of kinematic machines was conducted. In the past three decades several kinematic machines have been proposed by many researchers (Zhang 2013) . Much effort has been directed towards the kinematic design and stiffness analysis of serial and parallel manipulators. Several researchers developed kinematic, kinetostatic and stiffness models which are being utilized by other researchers in the robotics research community [4] , [5] . For hybrid kinematic machines very few researchers have proposed meaningful models due to the complex nature of the structure which is a combination of a serial and parallel structure. One interesting stiffness model was proposed by [5] , however the proposed models focuses on the development of a stiffness matrix which can be used to evaluate the displacements, stress and strain for any applied end effector loads. A hybrid kinematic machine tool is one which incorporates the features of both the serial and the parallel kinematic machine tool structures [5] - [7] . Zhang (2015) employed the finite element method in analyzing a five DOF compliant hybrid micromanipulator using ANSYS software. The finite element analysis enables researchers to analyze their designs and eliminate weak points before committing resources to the design. The finite element analysis results will be useful in determining component life and areas of further improvement [6] . Finite element analysis is the best method for optimizing new designs, verifying the condition of existing systems, evaluating new concepts, performance evaluation and failure prediction [7] . "Using finite elements, complex partial differential equations that describe the behavior of structures can be reduced to a set of linear equations that can easily be solved using the standard techniques of matrix algebra" [7] . Finite element analysis can be used to virtually any engineering system. The only difference is the type of analysis to be conducted. Many software offers a variety of tools for finite element analysis which may include static analysis, flow analysis, dynamic analysis, explicitly dynamics, thermal analysis and many more.
Static Analysis
In this paper a static analysis is conducted on the six DOF hybrid kinematic machine using Autodesk Inventor software. This analysis is mainly focused on the stress distribution throughout the components of the hybrid structure. However strain cannot be left out in this analysis. The main objective is to observe the components which are subjected to excessive stress and find out which components are most likely going to fail due to stresses under the applied end effector loads. Table 1 presents the end-effector forces and moments which were calculated from conventional design formulas as discussed in [3] . 
Parameter Value
Force in x direction (F ex ) 525N
Force in x direction (F ey ) 525N
Force in x direction (F ez ) 500N
Torque about the tool axis 7.86Nm
Most software including Autodesk Inventor operates on the basic principles of the Von Mises stress theory of failure. This theory states that failure will occur when the maximum shear strain energy exceeds the shear strain energy obtained by simple tensile test. This theory is also called the maximum shear strain energy theory or the distortion energy theory [9] . In most applications it is adopted because it is the most accurate among all the theories of failure and it gives very satisfactory results for ductile materials. This theory can be represented by a mathematical expression as:
Where , are the three principle stresses at a point being considered and is the elastic limit stress.
Static Simulation Steps
There are basically three main stages in any static simulation process. The first stage involves the preparation of the simulation by defining all relevant parameters. The second stage is the solving stage where the simulation is run. The last stage involves the analysis of results and making necessary changes in order to optimize the design. 
Pre

Mesh Generation
The results of any finite element analysis depend on the quality of meshing. In the simulation performed in this research, the free meshing technique was used. Free meshing is unstructured, flexible and has a complex topology. Quad, tri, tetra and hex are available mesh shapes for 3 dimensional elements in most software. The static simulation begins with a number of mesh regeneration steps to make sure that the convergence criteria are satisfied. Fig 1 shows the 3D meshed model of the hybrid kinematic machine with tri shape elements and appropriate element size which gives admissible results. The forces and moments exerted by the work piece on the tool are also shown, however these are vectors which change direction depending on the motion of the tool hence the vector components input option must be utilized. 
Results
After conducting stress analysis in various configurations of the hybrid kinematic machine, several reports were generated. The results were analyzed and the results of the configuration presented in Fig (2-5) attracted much attention since the results revealed that the structure has higher stress values in this configuration than the other configurations. Fig  2 (a-c) shows the distribution of Von Mises stress, 1 st principle stress and the 3 rd principle stress through out the machine structure. It can be observed that all the stress values are low enough to guarantee the reliability of the structure. The maxmum stress on the kinematic machine is due to the stress concentration on the shoulder of the cutting tool. The first principle stress on the tool shoulder is around 158.2MPa, however this stress is much lower than the values 
Discussions
From the results presented in table (2) it is clear that the hybrid kinematic machine being analyzed will not fail due to excessive stress under the design loads. The stresses, strain as well as the displacements are so small to cause any failure basing on the Von Mises theory. There is a high factor of safety in all other components save for the tool shoulder which has a factor of 2ul hence if unexpected heavy loads are encountered, the worst case scenario is the breaking of the tool about its shoulder leaving the rest of the machine structure unaffected. This is a desirable characteristic for the application under consideration. Fig 6 shows the tool shoulder section which is subject to stress concentration. All the maximum stress values are identified to be located on this section of the mechanism. From the simulation which was conducted in this paper it can be concluded that the hybrid kinematic machine for on-site machining which was proposed in [3] is rigid enough to carry out the desired milling and drilling operation without failure however a multi-objective optimization may be necessary in order to further reduce the weight of the structure while increasing the stiffness. 
